The aim of this study was the evaluation of the effect of intermediate doses of thalidomide with dexamethasone (Thal/ Dex) on disease course and bone disease in patients with refractory/relapsed myeloma who were under zoledronic acid therapy. We studied 35 patients, who received thalidomide at a dose of 200 mg/daily. We measured, pre-, 3 and 6 months posttreatment soluble receptor activator of nuclear factor-jB ligand (sRANKL), osteoprotegerin (OPG), osteopontin (OPN), markers of bone resorption and formation. Before treatment, patients had increased levels of sRANKL/OPG ratio, bone resorption markers and OPN, while they had suppressed bone formation. The pretreatment sRANKL/OPG ratio correlated with the extent of bone disease. Thal/Dex administration resulted in a significant reduction of sRANKL/OPG ratio, and bone resorption. Bone formation, OPG and OPN did not show any alteration. Changes of sRANKL/OPG ratio correlated with changes of bone resorption markers. Thal/Dex was given for a median time of 10 months and the median follow-up period was 22 months. The response rate was 65.7%. The median survival was 19.5 months. b 2 -microglobulin, type of response and International Staging System predicted for survival. These results suggest that the combination of intermediate dose of Thal/Dex is effective in patients with refractory/relapsed myeloma and improves abnormal bone remodeling through the reduction of sRANKL/OPG ratio.
Introduction
Multiple myeloma (MM) is a neoplastic disease of the bone marrow plasma cells, which remains, unfortunately, incurable with current treatment. 1, 2 Thalidomide has been shown to have a significant antimyeloma activity in both refractory/relapsed and newly diagnosed MM patients. [3] [4] [5] In the first report by Singhal et al, 3 thalidomide was given at a starting dose of 200 mg/day, increasing in 200 mg increments every 2 weeks to a maximum dose of 800 mg/day. 3 However, the optimal dose of thalidomide remains uncertain. 6, 7 Thalidomide produces a response rate of 30-35% in patients with refractory/relapsed disease, which is increased to almost 50% when it is combined with dexamethasone. 8, 9 When thalidomide is given together with dexamethasone, the dose of 400-600 mg/day is usually used. There is very little information for the role of the combination of intermediate dose of thalidomide with dexamethasone in the clinical course of the disease in patients with refractory/relapsed myeloma. Bone disease in MM remains a difficult problem to manage. It mainly includes osteolytic lesions due to an increased osteoclastic activity, which is not accompanied by a comparable increase in bone formation. 10 Cytokines produced locally by stromal or myeloma cells are responsible for the osteoclast activation. 11, 12 The receptor activator of nuclear factor-kB (RANK)/RANK ligand (RANKL)/osteoprotegerin (OPG) system has a major role in osteoclastogenesis, as RANKL directly induces osteoclast differentiation and proliferation by binding to its receptor RANK on the surface of osteoclast precursors. OPG is the soluble decoy receptor for RANKL and one of the most potent antiresorptive agents known. 13 In MM, the ratio of RANKL/OPG is increased due to an increase in RANKL production and a decrease in OPG production by stromal cells.
14 Furthermore, the ratio of soluble RANKL (sRANKL)/OPG has been found to be elevated in the serum of patients with MM at diagnosis and correlates with the extent of bone disease and survival. 15, 16 The possible presence and production of RANKL by myeloma cells may explain the major role of this pathway in the biology of myeloma bone disease as well as tumor growth and survival. 17 To our knowledge, there is no information in the literature regarding the effect of thalidomide on bone turnover in myeloma patients.
The aim of this study was to evaluate the effect of the combination of intermediate dose of thalidomide with dexamethasone on disease course and bone remodeling in patients with refractory/relapsed MM who receive zoledronic acid. We have also evaluated the role of pretreatment characteristics of patients in survival and investigated if there is any correlation between markers of bone turnover and response to treatment.
Patients and methods

Patients
In all, 35 patients (23M/12F) with refractory or relapsed myeloma were entered into this study. All patients met the eligibility criteria of the protocol that included relapsed or refractory myeloma, age p80 years, no previous treatment with thalidomide, acceptable cardiac (ejection fraction 440%), pulmonary (diffusion capacity for carbon monoxide 450% of normal) and hepatic (bilirubin and transaminases o2 Â upper limit) function. Poor performance status due to MM was not an exclusion criterion. Informed consent was obtained from all patients.
Thalidomide was administered at a dose of 200 mg/daily. Dexamethasone was given at a dose of 40 mg/daily for 4 days every 15 days until maximal response and then at 40 mg/daily for 4 days monthly. Patients who responded to treatment or had stable disease continued on treatment until disease progression. All patients have been on zoledronic acid since diagnosis and continued to receive zoledronic acid, at a dose of 4 mg every 28 days while on study.
Evidence of bone involvement at the time of treatment was documented using plain radiography (baseline date was within 1 month before treatment). Patients were considered to have bone involvement if there were radiographic abnormalities consistent with MM bone disease, including osteoporosis, osteolytic lesions and fractures. A grading of bone morbidity into three stages according to the radiographic evaluation of the skeleton was made. Stage A included patients with no lytic lesions or osteoporosis alone; stage B included patients with 1-3 osteolytic lesions; and stage C included patients with more than three osteolytic lesions and/or a pathological fracture due to MM. We have used the o3/43 as cutoff for bone lesions as advanced bone disease includes more than three lytic lesions in the Durie-Salmon staging system.
The following biochemical parameters of bone turnover were evaluated: sRANKL, OPG, osteopontin (OPN), markers of bone resorption (tartrate-resistant acid phosphatase isoform type-5b (TRACP-5b), and carboxy-telopeptide fragments of collagen type-I a1 chains (CTX)) and bone formation (bone alkaline phosphatase (bALP), osteocalcin (OC) and C-terminal propeptide of collagen type-I (CICP)). The above indices were measured at baseline, and then at 3 and 6 months posttreatment. In all, 30 healthy controls, 20 males and 10 females, were also tested. Their median age was 62 years (range: 45-70 years). Each control was examined to ensure that there was no evidence of bone disease (osteoporosis or osteoarthritis) and no receipt of medication that could alter the normal bone turnover during the last 6 months. The study was conducted with Ethical Committee approval and under the guidelines of the Declaration of Helsinki. 
Measurement of markers of bone turnover
Statistical analysis
Differences between patients and controls were evaluated using the Mann-Whitney test. Differences between baseline, 3-and 6-month values of the studied parameters were evaluated using the Wilcoxon signed-rank test. Associations between bone disease status and biochemical markers were examined by the Kruskal-Wallis test, while the Spearman rank correlation test was employed to examine relationships between various parameters and clinical patient characteristics. Survival probabilities were calculated by the Kaplan-Meier method and comparisons made using the log-rank test to identify potential prognostic factors. All P-values are two sided and confidence intervals refer to 95% boundaries. 18 Prior to thalidomide/dexamethasone treatment patients had received a median number of two lines of treatment (range: 1-5). The majority of patients had relapsed after last therapy, while 20% of them were refractory to last therapy. At diagnosis, . Four patients had progression of their disease while on treatment and discontinued the study. Four more patients (11%) were also withdrawn from the study due to side effects: two due to grade 3 peripheral neuropathy, one due to cerebrovasular accident and one due to bradycardia. Toxicity was graded according to NCI common toxicity criteria. Most common side effects included constipation, peripheral neuropathy, infections and somnolence. A total of 15 incidents of infection occurred during therapy, 10 of which concerned the respiratory tract, three the skin and two the urinary tract. They were mostly minor infections with the exception of a case of pulmonary tuberculosis reactivation and a case of herpes zoster infection. Generally, side effects were manageable. Therapy was temporarily discontinued in eight (23%) patients, because of thrombotic events, tuberculosis and herpes zoster reactivation and grade 3 constipation. All these patients continued on treatment after a median time of 2 weeks. Deep venous thrombosis (DVT) occurred in four patients (11%). All of them continued on treatment with the addition of low Table 2 Adverse events observed during study period Bold values depict the statistically significant differences (P-values). Table 2 summarizes all adverse events observed in this study.
Results
Patients
Side effect Grade I (No) Grade II (No) Grade III (No) Grade IV (No)
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Thal/Dex on refractory/relapsed myeloma E Terpos et al molecular weight heparin (LMWH) after discontinuation of thalidomide administration for 2 weeks.
Markers of bone remodeling and osteoclast function at baseline
Patients with relapsed/refractory myeloma before treatment had elevated median values of serum sRANKL (P ¼ 0.008), OPG (Po0.0001), OPN (P ¼ 0.023), TRACP-5b (Po0.0001), CTX (P ¼ 0.001) compared with controls, while serum levels of bALP and OC were lower than controls (Po0.0001, and P ¼ 0.001, respectively). There was no difference in terms of CICP between patients and controls. The ratio of sRANKL/OPG was also significantly higher in myeloma patients before the administration of thalidomide with dexamethasone compared with the control group (P ¼ 0.01) ( Table 3) . OPG was found elevated in our cohort of patients. Serum OPG levels in predialysis patients with renal failure increased as renal function declined and creatinine clearance correlated strongly with OPG in these patients. 20 Therefore, we evaluated the OPG/creatinine ratio in patients and controls and found that after OPG 'correction' according to renal function, there was no difference between myeloma patients and control group (P ¼ 0.106).
There was a significant correlation between sRANKL/OPG ratio and bone disease status at baseline. Patients with stage C bone disease had elevated levels of sRANKL/OPG ratio compared with patients with stage B bone disease (median and range ( Â 10
À2
) was: 0.95 (0.12-3.27) vs 0.56 (0-2.28), for patients with stage C and B bone disease, respectively; P ¼ 0.045). Furthermore, patients with stage C bone disease had increased serum CTX levels than patients with stage B bone disease before the start of combined regimen (median and range was: 1.86 ng/ml (0.53-3.94 ng/ml) vs 0.75 ng/ml (0.39-3.70 ng/ml), for patients of stage C and B bone disease, respectively; P ¼ 0.006). No other correlation was observed between the different markers of bone remodeling or osteoclast function and the extent of bone disease before treatment.
The pretreatment values of sRANKL/OPG ratio correlated with both markers of bone resorption (r ¼ 0.402, P ¼ 0.002; and r ¼ 0.299, P ¼ 0.028, for TRACP-5b and CTX, respectively). TRACP-5b serum levels also showed a strong association with CTX values (r ¼ 0.541, Po0.0001). Furthermore, OPN levels correlated with both TRACP-5b and CTX (r ¼ 0.293, P ¼ 0.037; and r ¼ 0.345, P ¼ 0.015, respectively). The administration of intermediate dose of thalidomide with dexamethasone resulted in a significant reduction of CTX (a) and TRACP-5b (b) from the 3rd month poststart of treatment, and of sRANKL (c) and sRANKL/OPG (d) ratio at the 6th month.
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We also studied possible correlations between pretreatment bone markers values and pretreatment laboratory patients' data, such as b 2 -microglobulin, albumin, creatinine, calcium, hemoglobin, CRP and LDH. There was only a negative weak correlation between OPN and albumin (r ¼ 0.338, P ¼ 0.047). b 2 -micoglobulin levels showed a positive correlation with creatinine (r ¼ 0.827, Po0.0001) and a negative correlation with hemoglobin (r ¼ 0.438, P ¼ 0.009), while albumin also correlated with hemoglobin (r ¼ 0.399, P ¼ 0.018) and CRP with creatinine (r ¼ 0.383, P ¼ 0.023).
Effect of the combination treatment on markers of bone remodeling/osteoclast function and myeloma bone disease
The combination of intermediate dose of thalidomide with dexamethasone produced a significant reduction of CTX and TRACP-5b at the 3rd month postinitiation of treatment compared to baseline (P ¼ 0.005 and o0.0001, respectively), which continued at the 6th month of the study (P ¼ 0.001 and o0.0001, respectively) (Figure 1a and b) . The combined treatment also reduced sRANKL levels and sRANKL/OPG ratio at 6 months post-treatment initiation (Po0.0001 and o0.0001, respectively) (Figure 1c and d) compared with baseline levels. OPG, OPN and bone formation markers showed no differences during the study period. There was also no difference for OPG after correction for creatinine serum levels during the study period. The changes in the studied parameters are also depicted in Table 3 . There was a strong correlation between changes of sRANKL/OPG ratio and changes of TRACP-5b and CTX (r ¼ 0.581, P ¼ 0.001; r ¼ 0.541 and P ¼ 0.006, respectively) ( Figure 2) .
The combined treatment produced, as expected, no healing of the observed lytic lesions at baseline, after radiographic evaluation of responders at 6 months post-treatment. However, only one of four patients who progressed while on treatment presented with new lytic lesions at the time of progression.
Survival analysis data
The median follow-up period was 22 months (range: 1-54 months). Median overall survival (OS) of all patients from start of combined treatment was 19.5 months. The median progression-free survival (PFS) was 8 months (95% CI: 6-10). Levels of b 2 -microglobulin at diagnosis and response to treatment were the only factors that predicted for OS after start of treatment. The novel ISS could not predict for survival in this cohort of patients from baseline, but it was a strong predictor for survival from diagnosis ( Figure 3) . No biochemical marker of bone remodeling could predict for survival. Patients who had a sRANKL/OPG ratio value of 415 Â 10 À2 had median OS of 13.1 months, while patients who had lower values had a median OS of 20.4 months. However, this difference was not significant (P ¼ 0.112) possibly due to the low number of patients in the high ratio arm (n ¼ 9). During the follow-up period, four patients relapsed. These patients had increased sRANKL/OPG, CTX and TRACP-5b at baseline, and continued to have increased values at 3 months post the initiation of combined treatment.
Discussion
Thalidomide alone or in combination with dexamethasone is an effective treatment for patients with relapsed/refractory myeloma. 3, 8, 9, 21 The dose of thalidomide when it is combined with dexamethasone usually ranges from a starting dose of 50-200 mg/day with dose escalation to 400-600 mg/day. 8, 9 However, the optimal dose of thalidomide in the combination regimen with dexamethasone for refractory/relapsed MM has not been defined yet. Low dose of thalidomide (100 mg/day) with dexamethasone has been given in advanced myeloma showing superiority to conventional chemotherapy (CC) in terms of survival as first salvage regimen, but it was equivalent to CC as second or third salvage treatment. 22 There is some information that intermediate dose of thalidomide (200 mg/day) given as monotherapy has comparable efficacy and less toxicity than higher doses in relapsed/refractory patients. 7 Rajkumar et al 23 has given the combination of intermediate dose of thalidomide, 200 mg/daily, with dexamethasone in prior untreated patients producing a response rate of 64%. However, there is no information in the literature regarding the effect of intermediate dose of thalidomide in combination with dexamethasone in refractory/relapsed disease. We report here the results of a phase II study in patients with refractory/relapsed The correlation between changes of sRANKL/OPG ratio with changes of CTX (a) and TRACP-5b (b) suggests that the normalization of bone remodeling post-treatment is at least partly due to the reduction of sRANKL/OPG ratio.
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al myeloma in whom thalidomide was given at a dose of 200 mg/day in combination with dexamethasone. We also report the effect of this combination on bone remodeling, as assessed by the measurement of a variety of biochemical markers of bone turnover.
The overall response rate of our study was 65.7%, with 57% of patients achieving a CR or PR. Almost 23% of patients (8/35) had achieved either a CR or PR with detectable paraprotein only by immunofixation. This response rate is higher than that observed with thalidomide alone 3 and similar or slightly better than that reported with higher doses of thalidomide (400-600 mg) with dexamethasone, which ranges between 47 and 55%. 8, 9, 24 In our study, there was no difference in terms of response among patients with relapsing or resistant disease, indicating that even intermediate dose of thalidomide may over-ride prior resistance to chemotherapeutic agents. Median PFS and OS were 8 and 19.5 months, respectively, comparable with PFS and OS reported by Dimopoulos et al, 8 who used higher dose of thalidomide (400 mg/daily) and dexamethasone for refractory MM (10 and 12.6 months, respectively). These results suggest that intermediate dose of thalidomide is as effective as higher doses in combination with dexamethasone for refractory/ relapsed disease. The median time to response in our study was 11.8 weeks, slightly longer than that observed with higher doses of thalidomide, which ranges between 1.3 and 2 months; 8, 9 thus, the beneficial effect of intermediate dose of thalidomide may be delayed. Toxicities remained a considerable problem in our cohort of patients. DVT occurred in 11% of patients comparable with that observed with higher doses of thalidomide plus dexamethasone. 9, 25 It seems that the combination with dexamethasone rather than the dose of thalidomide is responsible for this high DVT rate. The administration of LMWH allowed the continuation of therapy in our patients with no other thrombotic events observed, as suggested previously. 26 Four patients discontinued the study due to adverse events: two due to grade III peripheral neuropathy, one due to a cerebrovascular ischemic episode and one due to sinus bradycardia. Peripheral neuropathy is a well-established side effect of thalidomide, while symptom-related bradycardia seems to occur in approximately 15-20% of thalidomide patients and arterial thrombosis has been reported in almost 10 MM patients who received thalidomide to date. 27, 28 Bone disease is a major cause of morbidity in MM patients. Over the last few years, newly characterized molecules, such as RANKL and OPG, have been shown to play an important role in osteoclastogenesis in MM. RANKL expression is upregulated and OPG expression is downregulated in MM. 29 Our group has previously shown that serum sRANKL/OPG ratio is increased in MM patients, correlates with the extent of bone disease and reduced post-ASCT. 15, 30 There is no available information regarding the effect of thalidomide and dexamethasone on myeloma bone disease.
Before starting treatment, patients had increased levels of sRANKL, sRANKL/OPG ratio, TRACP-5b and CTX. TRACP-5b is an enzyme that is produced only by activated osteoclasts, while CTX is an accurate marker of bone resorption. 31, 32 Our results show that osteoclast function remains increased in patients with refractory/relapsed disease despite the prophylactic use of zoledronic acid. There was a strong correlation between sRANKL/OPG ratio with TRACP-5b and CTX, indicating that the defect in RANKL/OPG pathway may be partly responsible for the osteoclast activation and the subsequent increased bone resorption. Furthermore, we found a correlation between both TRACP-5b and CTX with OPN. OPN, a noncollagenous matrix protein, is essential for osteoclast function, has been found elevated in newly diagnosed MM patients and correlated with disease stage and extent of bone destruction. 12, 33 We also found elevated levels of serum OPN, confirming its role in the pathogenesis of myeloma bone disease. Bone formation was suppressed in myeloma patients before treatment, as reflected by the reduced levels of OC and bALP in our patients. It seems that osteoblasts remain functionally exhausted in patients with relapsed/refractory disease regardless of previous antimyeloma treatment as in patients at diagnosis. 34, 35 Nevertheless, OPG was not reduced, a finding that could reflect either the effect of continuous biphosphonates therapy or OPG pattern of metabolism and excretion. [36] [37] [38] The administration of the combination of intermediate dose of thalidomide and dexamethasone significantly reduced markers of bone resorption (CTX and TRACP-5b) at both 3 and 6 month after the start of treatment. On the contrary, markers of bone formation and OPN had no alteration during this period of time. The sRANKL/OPG ratio was also decreased at 6th month. Changes of this ratio correlated with changes of both markers of bone resorption (TRACP-5b and CTX), suggesting that the improvement of abnormal bone resorption may have been mediated by alterations in RANKL/OPG pathway. The role of zoledronic acid in the reduction of bone resorption markers is not clear. The antiresorptive activity of zoledronic acid in MM has been well documented. 39 However, it is very difficult to know whether zoledronic acid has any synergistic effect with thalidomide/dexamethasone on improving abnormal bone resorption, as we have not scheduled an arm with patients who do not receive zoledronic acid due to ethical reasons.
In this study, we also evaluated possible factors that could predict for survival. We confirmed the strong predictive value of b 2 -microglobulin and ISS at diagnosis and response to treatment. Therefore, strategies aiming to achieve such a response in patients treated with thalidomide, including combination with novel agents (ie bortezomib) may prolong survival in these patients.
In conclusion, this study shows that the combination of intermediate dose of thalidomide with dexamethasone is very effective for refractory/relapsed MM with manageable toxicity. This combination also improves abnormal bone remodeling through the reduction of sRANKL/OPG ratio, suggesting that thalidomide in combination with dexamethasone may alter the mechanisms in the myeloma microenvironment that are crucial for the pathogenesis of myeloma bone disease.
